Vehicular ad hoc networks (VANETs) are an important part of the next generation of intelligent transportation. For multimedia information transmissions, VANETs require high speed and a low-delay link between the vehicles. This paper focuses on a connectivity analysis of VANET high-speed and lowdelay connections under different traffic densities and adverse weather conditions. In this paper, a channel measurement at 5.9 GHz under two kinds of traffic densities is first carried out. Then, the measured data for the path loss are used in the VANET model for the connectivity probability. Finally, we consider the influence of adverse weather conditions on the wireless signal and simulate the influence on the high-speed and lowdelay data connectivity of VANETs. The results show that adverse weather will have a certain impact on vehicle-to-vehicle (V2V) communication.
I. INTRODUCTION
With the emergence of 5G, a large number of researchers have studied a series of strategies to increase the system performance of 5G [1] - [4] , which are based on the high-speed and low-delay connection of the physical layer. Vehicular ad hoc networks (VANETs) are some of the most important components in 5G for realizing intelligent transport systems (ITS) [5] , [6] . More specifically, wireless sensors are installed in a vehicle to collect various types of information and share them with other vehicles through D2D technology, V2V technology or other Internet of Things technology systems [7] - [10] .
Currently, increasing quantities of multimedia data are generated by these vehicles and must be transmitted with a strict latency [11] . To meet the transmission requirements of multimedia traffic, not only the rapid movement of the car but also the multihop and routing of the network and other complex environments need to be considered [13] , such as The associate editor coordinating the review of this manuscript and approving it for publication was Dapeng Wu . the influence of traffic density and the occlusion of vehicleto-vehicle signals, which can cause line-of-sight (LOS) conditions and a non-line-of-sight (NLOS) situation [14] . The two-ray model is a very obvious phenomenon in vehicle-tovehicle communication [15] . With an increase in vehicle flow, this phenomenon will disappear, and the transmission model will change [16] .
Judging the connectivity state between the cars needs build a VANETs model. Therefore, the connectivity probability can be defined by calculating the probability in the VANETs model using the distance between the vehicles. Many studies on V2V connectivity under normal weather conditions have been carried out. However, only a few papers have studied the effect of adverse weather on the performance of VANETs. The effect of rain on electromagnetic waves has been studied by many researchers. These papers mainly focused on satellite communications, in which the attenuation model for rain was widely used [17] , [18] . However, there is a large difference between satellite communications and vehicle-tovehicle (V2V) communications. Specifically, the frequency of satellite communications is quite high. Moreover, the communication distance is very large, and the electromagnetic wave needs to pass through the whole rainfall area. Thus, there is less rain attenuation per unit distance, which will have a large impact on signal acceptance.
For the V2V scenarios considered in this paper, the main impact of rainfall is that the water will affect the dielectric constant and conductivity of the ground [19] . This situation will affect the V2V signal propagation in the two ray model. The effects of snow and ice weather are similar to those of rainy weather.
Researchers have conducted much research on the influences of dust on electromagnetic waves. Gray's theoretical calculation in [20] concluded that the effect of sand and dust on microwave attenuation is very small, but Haddad [21] found that the attenuation coefficient of electromagnetic waves with a frequency of 9.4 GHz is as high as 34 dB/km in sand and dust conditions with very low visibility (< 10 m) using actual measurements, which completely overturns the theoretical results. Zhou et al. [22] found that the electrification characteristic nature of sand and dust have a large impact on the propagation of electromagnetic waves. The paper [23] showed that this effect can only be ignored when the frequency of the electromagnetic wave is as high as 50 GHz. For the 5.9 GHz electromagnetic waves in this paper, the effect of the electrification of sand needs to be considered. Dusty weather in Northwest China can not only reduce visibility but also attenuate a 5.9 GHz signal and reduce the effective communication distance.
In sand-dust weather conditions, the effect of sand grains on the ground on the variation of the reflection coefficient of the road surface is very small. Thus, we only consider the influence of different sand-dust weather conditions on the attenuation of the electromagnetic wave signal.
Based on the above analysis, this paper studies the effects of rainy, icy, snowy and dusty weather conditions on the highspeed, low-delay connectivity of VANETs. This paper first obtains the channel model for vehicle-tovehicle communications based on the measured data. The VANET model is established to study the connectivity probability of vehicles and the vehicle communication coverage. Simultaneously, we found that when the traffic flow is sparse, the vehicle-to-vehicle communication mainly satisfies a tworay model, and the transmission model changes when the traffic flow becomes larger.
Then, the paper focuses on the high-speed and low delay data transmission of VANETs under adverse weather conditions. Through simulation, we find that rainy weather, icy weather and snowy weather will change the nature of the surface, which will have an impact on the ground reflection path and thus change the transmission model and the highspeed data transmission performance of VANETs. Different weather conditions will cause waterlogged roads and snowy roads and will have different effects on the VANET highspeed data transmission. Dusty weather will cause attenuation of the 5.9 GHz signal, which will also change the transmission model and thus change the high-speed data transmission performance of VANETs. Different degrees of sandstorms will have different effects on the performance of VANETs. The simulation results prove that the research in this paper has guiding significance for the construction of vehicle-tovehicle multimedia communications.
The remaining parts of this paper are organized as follows: Section II simply introduces the measurement campaigns and the path loss data. Section III proposes the VANET model used in this study. Connectivity probabilities for the three types of adverse weather conditions are addressed in Section IV. Finally, the conclusions are presented in Section V.
II. MEASUREMENT RESULTS
Two different routes under different traffic densities were measured in this paper: a low-density traffic scenario and a high-density traffic scenario. We used two standard cars (height 1.5 m -1.6 m) for each measurement. Two antennas were placed on the top of the vehicles. From the measured data, we can derive the path loss (shown in Fig. 1 and Fig. 2 ).
To build the VANET model, we use 6 types of models to match the measured data.
The one-slope model in Table 1 is a simple model that uses a linear function to represent the relationship between the path loss and changing distances Tx and Rx.
In the case of outdoor, short distance communications, the International Telecommunication Union (ITU) proposes ITU-R P.1411 models, which have a frequency range of 300 MHz to 100 GHz [24] . The ITU-RP.1411 models contain three types: an upper limit, middle limit, and lower limit.
The two-ray plain earth model (PEL) [26] cannot be used when the distance between Tx and Rx becomes large. Thus, the two ray of round earth loss model (REL) [25] has been defined to match the measured data. In our measurement campaign, Tx was in general far (> 100 m) from Rx. Hence, the curvature of the earth needed to be considered when evaluating the measured path loss.
Furthermore, we employ the root-mean-square-error (RMSE) criteria and the gray relational grade mean absolute percentage error (GRG-MAPE) [27] to evaluate the effectiveness of the path loss models (see Table 1 ).
It can be observed from Fig. 1 and Fig. 2 that when the traffic flow density is small, the path loss model agrees with the REL model, while when the traffic flow density is large, it agrees with the 5.9 GHz model in paper [25] . This is because when the traffic flow density is small, there are both LOS and ground reflection paths, as shown in Fig. 3 , while when the traffic flow density is large, the ground reflection path can easily be blocked by other vehicles. Thus, different traffic densities change the path loss model.
III. VANET MODEL AND PARAMETERS OF 802.11P
Being fast-moving is one of the characteristics of VANETs. Therefore, we consider the location as well as the mobility of the vehicles when building the two-lane traffic flow model. The path loss data mentioned in section II is also taken into account in this section. The VANET model used in the simulations in this paper is briefly described, and the specific modeling process is described in the paper [29] . 
A. SINGLE-HOP LINK CONNECTIVITY IN V2V CHANNEL
In this section, we make an assumption that every vehicle can connect with the cars around it, as in Fig. 4 . A large number of vehicles are connected to each other to form a vehicular link so that two vehicles at large distances can communicate with each other. The connectivity of this link depends on the connections of every vehicle with its adjacent vehicles.
B. OBSTRUCTION AND THE EFFECTIVE COMMUNICATION COVERAGE OF THE VEHICLE
For multihop networks, each car will connect with several cars (see Fig. 5 ). When the vehicle enters into a high-density traffic flow, these connections may be cut by obstructions so that the communication coverage of a single car will be changed. This phenomenon is defined as an obstructed lineof-sight (OLOS) [29] . When an OLOS phenomenon occurs, the performance of the connectivity probability needs to be studied. Therefore, we also take the communication coverage limit into account.
C. PARAMETER SETTINGS
In this paper, the path loss threshold is set to 100 dB. The vehicle model refers to the 802.11p protocol, the transmitted power is 13 dBm, the transmission and receiver antenna gains are 0 dBi, the line loss is 2 dB, and the bandwidth is 10 MHz. The signal-to-noise ratio for this situation is calculated to be 35 dB, and the 64 QAM modulation and demodulation can be used in this signal-to-noise ratio so that the transmission rate reaches 24-27 Mbps. At this time, the bit error rate of the data is 10 −5 , which satisfies the high data rate requirements for the Internet of Vehicles. The data transmission requirement of low rate delay is necessary because if the bit error rate is high, the link layer will retransmit the data and the delay will become longer. At a path loss level of 100 dB, information that is both high speed and low delay can be transmitted between the vehicles. Subsequent simulations combined with measured data confirm that adverse weather affects the highspeed and low-delay transmission of VANET information. The parameters of 802.11p can be found in Table 2 .
IV. SIMULATION RESULTS
Adverse weather not only will have a greater impact on the driver's vision and the road surface but will also affect the signal transmission as well as the braking distance of the vehicle due to longer reaction times and a smaller coefficient of friction on the road surface. Because the channel measuring instrument in this paper is a precise instrument, it cannot be operated in rainy and snowy weather. In addition, considerable work is required to use the instrument to do a channel pretest, and different weather conditions have a certain randomness; thus, there is no condition in which we can test the channel characteristics in adverse weather at this time. Accordingly, the measurements in this paper are carried out under sunny weather conditions. Therefore, the content of this paper comes from the results of clear weather measurements combined with a theoretical study of the influence of adverse weather conditions on the electromagnetic waves. Then, we determine the influence of different weather conditions on signal transmission and finally obtain the high data rate and low-delay link connectivity probability under different weather conditions. This paper mainly considers the adverse weather conditions caused by rainy weather, snowy weather and dusty weather. These kinds of weather conditions will form particles in the air, which will absorb and scatter electromagnetic waves, thereby forming the corresponding rain attenuation, snow attenuation and dust attenuation phenomena for electromagnetic waves. Wireless signals are attenuated faster in adverse weather than in clear weather. At the same time, there are not many vehicles obstructing signals in the open highway scenario. In this case, the V2V channel characteristics conform to the tworay model because electromagnetic waves reflect off of the ground. Snowy and rainy weather will form snow, water or ice on the road surface, which will lead to a change in the reflection coefficient of the ground. This situation also affects the wireless signal. Therefore, the link connectivity simulation under different weather conditions in this paper mainly considers the influence of different weather conditions on signal attenuation in low-and medium-speed scenarios as well as the influence of different ground material reflections on the signal in open-road scenarios.
A. IMPACT OF RAINY AND FOGGY WEATHER ON THE CONNECTIVITY PROBABILITY OF VANETS
The frequency of V2V communication in this paper is low compared to that of satellite communications. For the C band of 4 -8 GHz, which is the frequency of electromagnetic waves in this paper, the rainfall attenuation for different rainfall (5 mm/h-150 mm/h) is 10 −4 − 10 −3 dB/km. For the communication distances considered in this paper (< 1 km), the electromagnetic wave loss in the rain can be ignored. Similarly, foggy weather has a large influence on laser communications but little influence on 5.9 GHz electromagnetic waves and can also be ignored.
For the V2V scenarios considered in this paper, the main impact of rainfall is that the water will affect the dielectric constant and conductivity of the ground. This will affect the V2V signal propagation with the two-path model for an open road.
The antenna polarization method used in this paper is vertical polarization. The path loss model in the previous chapter is also used to match the measured data. However, in this section, we find that the change in the pavement medium parameters shown in Table 3 has little influence on the vertically polarized electromagnetic wave but that it has a large influence on the horizontally polarized electromagnetic wave, especially in the decay area of the signal at a distance of approximately 100 m. Vertically and horizontally polarized electromagnetic waves differ very minimally in other regions except in the fading regions at 45 m and 100 m. Therefore, horizontal polarization is used to simulate the effects of different pavement mediums on electromagnetic waves in rainy and snowy conditions in the following section.
As shown in Table 3 , the dielectric constants and conductivities of dry ground and a wet surface are calculated. The model matched with the measured data in this paper uses the dielectric constant and conductivity of dry ground, which are consistent with the measured data. On this basis, the dielectric constant and conductivity of the waterlogged ground are introduced. The horizontal polarization mode is selected. Two typical low traffic flow densities of 6/km.lanes and 10/km.lanes are selected. The relationship between the range of the signal in vehicle communication and the probability of vehicle-to-vehicle link connection on rainy days with high speed and low density can be obtained. As shown in Fig. 6 and Fig. 7 , compared with dry ground, the waterlogged road caused by a rainy day will change the reflection of the electromagnetic waves, resulting in a slightly different connectivity of signal vehicle coverage before and after 100 m compared to that of ordinary ground.
B. IMPACT OF SNOWY AND ICY WEATHER ON THE CONNECTIVITY PROBABILITY OF VANETS
The loss of the electromagnetic wave in snow can be expressed by Eq. 1 [18] .
where LA in dB/km is the loss caused by snow, f in GHz is the frequency of the electromagnetic wave, and I in mm/h is the amount of snow. The calculation shows that the snow attenuation phenomenon has a smaller attenuation (10 −3 − 10 −2 dB/km) for 5.9 GHz electromagnetic waves, and its main effect is the reflection caused by snow on the road surface. The relation between electromagnetic wave attenuation and snowfall can be seen in Fig. 8 . According to the actual situation, there will be many kinds of snow on the road. In southern China, the high temperature of the road surfaces can cause the snow to melt into water when it falls on the ground, and thus, it is similar to rain. In the case of heavy snowfall, snow will form wet snow and a snow-water mixture on the ground. In the northern part of China, snow falls to the ground to form accumulated snow. After vehicles drive through it, it will freeze again and form an icy surface. Thus, we should consider the influence of wet snow, dry snow and frozen ground conditions on the signal. The dielectric constant and conductivity of different ground conditions are as follows [26] , [30] .
For example, Table 4 lists the dielectric constant and conductivity of dry and wet snow, dry snow and frozen ground. The connectivity probability of signal vehicle coverage under different road conditions can be obtained by introducing it into the REL model. Fig. 9 and Fig. 10 show the probability of a high-speed data rate and a low-delay V2V link connectivity under two typical low-traffic-density snowy days with different road conditions. From the two figures, we can also see the trough at 100 meters. The three ice-snow pavement conditions will result in slightly larger probabilities of connectivity than that of the common situation model, while the probability of a high-speed data rate and a low-delay vehicle-to-vehicle link connectivity in the common situation is generally higher than that for the other three in the range 100 m -200 m. The simulation results show that the road conditions caused by different weather conditions will affect the vehicle-to-vehicle high-speed data rate and the low-delay link connectivity probability of signal vehicle coverage at different distances in the vehicle network. 
C. IMPACT OF DUST STORM WEATHER CONDITIONS ON THE CONNECTIVITY PROBABILITY OF VANETS
The size, density and dielectric constant of sand particles in sandstorms affect electromagnetic waves. The size of sand particles follows a normal distribution [31] , and its distribution function is shown in Eq. 2.
where N 0 is the total number of sand grains, p(r) is the size distribution function of sand grains, r represents the radius of the sand grains and r m = −2.96 and σ = 0.38. Optical visibility V b is generally used to calculate the equivalent dust concentration (see Eq. 3).
The attenuation of electromagnetic waves in sandstorms can be expressed as Eq. 4. where σ ext (r) is the extinction and r ∼ r + dr is the cross section of sand particles including the radius. The extinction cross section of sand is as follows:
where R is the radius of sand particles, E 1 denotes the dielectric constant, E r is the relative dielectric constant, σ 1 denotes the net charge density, θ 0 is the charge angle, E 0 is the dielectric constant of the background medium, E 0 represents the amplitude of the electric field intensity component of the incident wave, k is the vacuum wave number, and E e is the sandstorm static electric field. In this paper, the frequency of electromagnetic waves is 5.9 GHz. The diameter of the sand grains is 40 µm, the relative dielectric constant ε r = 2.634 + 0.734 i, σ 1 = −1 µC/m 2 , E 0 = 50 V /m, E 0 = 50 V /m, and θ 0 = 90 • . The specific relationship between electromagnetic wave attenuation and the visibility of the sandstorm is shown in Fig. 11 . It can be seen that changes in visibility will lead to different attenuation values. Table 5 presents the typical attenuation value of the electromagnetic wave under different intensity sandstorms defined by the national standard. Figures 12 and 13 show the continuous connectivity of links in different sand-dust weather conditions under high and low densities. The path loss selected by simulation in this figure is 100 dB. It can be seen from the figures that different dust weather conditions will affect the link continuity, which will reduce the link continuity probability at the same distance. The extent of reduction is related to the intensity of the sandstorm. Weak, medium and strong sandstorms will have smaller impacts, while strong sandstorms will have a greater impact on the VANETs. Figures 14 and 15 show the relationship between the signal vehicle communication range and the vehicle-to-vehicle high data rate and low-delay link connectivity probability under different dust storm weather conditions. It can be seen from the figures that different sand storms have major impacts on the signal vehicle coverage, which will result in a significant decrease in the vehicle-to-vehicle high data rate and low-delay link connectivity probability at different distances. An extremely strong sandstorm may even cause vehicles to be unable to connect with high data rates to vehicles approximately 100 m and 200 m away. Figures 16 and 17 show the relationship between the range of signal vehicle communication and the probability of vehicle-to-vehicle link connection under different sandstorm weather conditions for 25 vehicles/km. lanes and 50 vehicles/km. From the figures, it can be seen that different sandstorm weather conditions will have impacts on the connectivity probability within the range of signal vehicle communication, and the thinner the traffic flow is, the greater the corresponding impact. This is because vehicle occlusion has a greater impact on vehicle high-speed data rates and low-delay link connectivity probabilities in the coverage area when traffic is dense.
V. CONCLUSION
This study focuses on the connectivity probability of VANETs in adverse weather. Through actual measurement, it is found that when the traffic density is low, the vehicle-tovehicle wireless channel satisfies the two-ray model and there is a ground reflection path. When the traffic density increases, the phenomenon disappears because the ground reflection path is blocked by vehicles. Based on this propagation model, this paper establishes the VANET connectivity model, which includes the probability of link connectivity in a single-hop network and the probability of the vehicle communicating range with surrounding vehicles in a multihop network.
Then, this paper studies the influence of the adverse weather conditions on the signal transmission and finds that rainy days and snow and ice weather conditions have little effect on the electromagnetic wave attenuation. However, these conditions will change the electromagnetic properties of the road surface, resulting in a change in the reflection path, which is taken into account in the model of this paper. The simulation results show that rainy days and snow and ice weather conditions have a certain impact on the high-speed link connectivity probability. Dusty weather conditions will cause attenuation of electromagnetic waves in the 5.9 GHz range. The simulation results show that dusty weather conditions will have a comparatively greater impact on the link connectivity probability of high-speed data and the probability of high-speed data link in the communication range of the vehicle, thus affecting the performance of VANETs. YISHUI SHUI received the M.S. and Ph.D. degrees in communication and information system engineering from the Wuhan University of Technology, Wuhan, China, in 2013 and 2019, respectively. He is currently with the 7th Research Institute of China Electronics Technology Group Corporation, and holds a postdoctoral position with the South China University of Technology. His main research interests are radio channel measurements and modeling and intelligent optimization algorithms. VOLUME 8, 2020 
